Abstract-The committee on applied superconducting apparatuses and characteristics of superconductors, the Institute of Electrical Engineers of Japan (IEEJ) has made a data base on superconducting magnets which were built over last ten years in Japan. The outline of the data base is explained in the paper (Part I). In this paper (part 11), stability and hotspot temperature of a magnet are investigated. Minimum quench energies, minimum propagating zones, and Stekly's stability factors are calculated using the data base. Dependence of those stability parameters on the magnet scale is studied and the design trends of the stability are discussed. Hot-spot temperatures of the pool-cooled magnets a t quench and energy dump process are also calculated based on the data base, and the recent trends of design rules for the quench protection are studied.
I. INTRODUCTION
As superconducting magnet applications become more realistic, increasing the current density of magnet windings is becoming more important to reduce the weight and cost of the magnet. However, the increase in magnet winding current density can cause two problems in magnet technology; instability in the superconducting state and quench protection.
Various stability criteria have been proposed, ranging from the most conservative cryostatic stability from Stekly and the equal area criterion from Maddock et al. to the metastable (or transient stability) criterion based on the minimum propagating zone (MPZ) or minimum quench energy (MQE) [l] . The most successful but conservative criteria are the first two of these. Magnet designers used to tend to select Stekly's or Maddock's criterion for a large scale magnet, because they could then Manuscript received September 14, 1998. This work was supported by the Institute of Electrical Engineers of Japan.
design the magnet without a detailed knowledge of the disturbance which would cause quenches in the magnet. However, these criteria limit the current density and cannot be adapted to the more realistic magnets of recent years.
In a metastable magnet, a quench takes place when a disturbance with energy exceeding a certain value occurs. Therefore, a magnet designer should estimate the size of disturbance expected to determine efficiently the amount of copper (or aluminum) stabilizer to be added to the superconductor and to determine the cooling conditions of magnet conductors. There is a theory to statistically estimate the size of the disturbance caused by an abrupt conductor motion [2] . However, a general method that can estimate the size of the disturbance with practical accuracy has not yet been established.
To protect a magnet from a damage caused by a queiicli, the hot-spot temperature, the peak temperature of the conductor during a quench-energy d u m p process, should be kept below a certain level. Usually the hot-spot temperature is calculated by using a method proposed by Maddock and James [3] . This method, assuming adiabatic condition, is considered conservative. However, it is not known how conservative it is and what level of the hot-spot temperature is proper.
One of realistic methods is to derive empirical design rules for the stability and quench protection from practical experiences of manufactured magnets. Stekly's stability factors, MQE's, MPZ's, and hot-spot temperatures of pool cooled magnets built over the last 10 years in Japan were calculated using the data base which has been made by the committee on applied superconducting apparatuses and characteristics of superconductors (chairperson of the committee: 0. Tsukamoto of Yokohama National University) organized by IEEJ. Outline of the data base is explained in the part I paper [4]. In this paper, based on this data base, the relation between training characteristics and stability criteria is discussed, along with design rules for quench protection based on the calculated hotspot temperatures. 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 6 -- Table I shows magnets and conductors data from the 0 . data base for the analysis. In the analysis, dependence .g 6 --of specific heat, thermal conductivity, and resistivity of 3 -stabilizer on temperature are taken into consideration and magneto-resistance effect of Cu is also, taken into account We picked up the 12 samples (No. 1, 3, 7, 8, 13-20 in Table I ) which had complete data for the calculation and calculated Stekly's stability factor a by the following equation, where, pn is the resistivity of the stabilizer in the conductor, Io is the rated conductor current, P is the cooling perimeter on the conductor, q is the minimum film boiling heat flux and is assumed to be 3 x l d W/mm2, and S , is the cross-sectional area of the stabilizer.
The calculated results of a are plotted in Fig. 1 against the stored energy of the magnet. As shown in the figure, a of the all magnets which were investigated exceeds the full stability criterion ( a < 1) and magnet designers seem A magnet of 10 kJ whose a exceeds 8 is still stable but a magnet of 38 MJ whose a is 2 suffers the training. F'rom Fig. 1 , an obvious design rule cannot been seen. However, the data show that care about the stability is necessary to make a large scale magnet whose conductor has a exceeding 1.
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C. Minimum Quench Energy
We numerically analyzed MQE based on the data base by solving a onedimensional thermal equilibrium equation assuming a conductor is subject to a point disturbance. From the data base, we picked up the 10 magnets which have necessary data to calculate MQE (No. 1, 3, 7,  8, 13-16, 19 , 20 in Table I ). All of the superconductors are NbTi, and the stabilizers are Cu. In the analysis, we assume that the resistivity and thermal conductivity of the conductor are dominated by those of the stabilizing Cu. Transient heat transfer from the conductor to liquid helium in both nuclear boiling state and film boiling state is also taken into consideration. The details of the calculation method are described in [7] .
The calculated MQE's are plotted in Fig. 2 against rated stored ,energy. From Fig. 2 , it can been seen that the value of MQE should be increased as the scale of the magnet increases. However, it is difficult to extract a design rule on how much the MQE should be to obtain a stable magnet. We consider that the MQE criterion does not work well without the knowledge about the size of the disturbance.
D. Minimum .Propagating Zone
We calculated length of MPZ, L M P Z , by the following equation which is obtained by modifying the formula given in PI! where, K~ is the thermal conductivity of stabilizer, T, and TO are the critical temperature at the rated field and the bath temperature respectively, and Jn is the current density in the stabilizer, that is, the rated conductor current divided by the cross-sectional area of stabilizer. The calculated results are plotted against the rated stored energy of the magnet in Fig. 3 . In the figure, L M P Z is normalized by the equivalent radius of the conductor, R = m, where S is cross-sectional axe8 of the conductor. From the figure, when the normalized MPZ is larger than 10, all magnets reach their rated currents without quenches, and when L M~z / R is smaller than 5, the magnets are quenched before reaching to their rated currents. Though adiabatic condition of the conductor is assumed for the simplicity of the calculation of L M~Z using (2), the stability criterion using L M~z / R works well for various types of conductors. It has been also pointed out in previous works [8] , [9] that normalized length of MPZ is a good stability measure without knowledge on the disturbance.
Iv. HOT-SPOT TEMPERATURE AND MAGNET PROTECTION
We calculated the hot-spot temperature of a magnet at quench and energy dump process using the method proposed by Maddock et al. [3] Assuming that the conductor is adiabatic, the maximum temperature of the conductor T h at quench, namely, hot-spot temperature is calculated
where, yn and Cn are specific weight and specific heat of the stabilizing copper in the conductor, and TO is the magnet operating temperature. In the analysis, dependence of yn, C,, and pn on temperature is taken into account as described in [5] . U0 in (3) can be expressed as follows,
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. (0: this analysis (both calculated values and designed values)) (0: data in 10 year ago)
and
where, VO and 10 are the terminal voltage and conductor current of the magnet at starting of the energy dump, and EO is the rated stored energy. We calculated the hot-spot temperatures of the magnets listed in Table I . The results are plotted in Fig. 4 against the rated stored energy of the magnet. For a magnet whose design values of the hot-spot temperature is given in the data base, the design value is plotted in Fig. 4 .
We had investigated hot-spot temperatures of magnets 10 years ago [lo] and the hot-spot temperatures calculated before are also plotted in Fig. 4 . There are no significant changes in the design trends over more than 20 years, which means that the calculation method by Maddock et al. is widely accepted for long time. Generally the hotspot temperature of a magnet of stored energy smaller than several MJ is set lower than about 150 K and that of a large magnet of several tens MJ is set conservative below 70 K.
V. CONCLUSIONS
We have systematically investigated the magnet stability and hot-spot temperature using the data base of magnets built over the last 10 years in Japan. Conclusions of the investigation using the magnet data base are as follows:
MJ a proper care to the stability is necessary if CL! exceeds 1.
2. There is not obvious relation between the value of MQE and the stability, and we consider that the MQE criterion does not work well without the knowledge on disturbance in the magnet. 
The normalized MPZ
4.
The hot-spot temperature is widely accepted as a good measure for the quench safety. Generally speaking, when a magnet is designed for the hot-spot temperature to be below 150 K, .the magnet is safe from damages caused by a quench.
We will be continuing our efforts to compile a more coinprehensive data base of magnets to derive more reliable design rules for the stability and quench protection.
